In recent years, while Cu production has increased, ore quality has degraded. Consequently, copper smelting industries generate large amounts of byproducts and wastes, including slag. However, the use of these byproducts and wastes involve high costs and most of the wastes are discarded in landfills after processing. In some cases, these byproducts and wastes contain valuable components, which may be profitable to recover. In other cases, toxic or hazardous chemicals are required in the treatment of these wastes to prevent their release. Therefore, the processing of byproducts is a significant activity, which determines the profitability of copper production facilities.
Introduction
In recent years, the global production of copper by smelting has reached nearly 16 million tons. 1, 2) For every ton of metal produced, about 2.23 tons of slag is generated. However, the use of copper slag remains low, and most of the copper slag is dumped without being fully used, which causes serious environmental pollution and is a huge waste of resources.
Globally, about 80% of copper is produced by concentration, smelting, and refining of sulfide ores. 3) In the ore, copper, iron, and sulfur combine covalently to form sulfide phases such as chalcopyrite (CuFeS 2 ). During smelting of copper, silica (SiO 2 ) flux is added, which combines with iron oxide to form a fayalite slag phase (2FeOSiO 2 ).
When molten slag is cooled slowly, it forms a dense, hard, crystalline product, whereas quick solidification, which results, by pouring the molten slag into water, gives rise to an amorphous granulated slag. The most commonest copper slag is the impure iron silicate glass containing dissolved accessory impurities (Cu, Zn, Pb etc.) along with small inclusions of copper matte.
Because of its favorable physico-mechanical properties, copper slag can be used in concrete aggregates, 4) abrasives, 5) ceramic tiles 6) and land reclamation. 7) However, the demand for copper slag for such applications is decreasing in advanced countries such as Japan. In recent years, the depletion of high-grade iron ores and increase in the demands for iron resources have resulted in an interest in the development of methods for iron recovery from low-grade metallurgical wastes. Magnetic separation of precipitated magnetite (Fe 3 O 4 ) crystals from copper slag is one of the most effective methods to recover iron resources from slag. It is preferable to convert molten fayalite slag into magnetite during the cooling of the slag by oxidation. 8) Molten oxidation process with crushing magnetic selection which seems a more sustainable approach based on directly blowing oxidizing gas onto molten slag after copper smelting process. During this procedure, the nonmagnetic iron components were designed mostly to be transferred into magnetite which allows selective recovery of iron-bearing and noniron-bearing slag constituents for specific purposes.
For this purpose, it is essential to understand the precipitation behavior of magnetite in the copper slag through the time-temperature-transformation (TTT) diagram. Figure 1 9) illustrates the typical TTT diagram. When a slag is cooled under a given cooling path, the crystallization behaviors of slag can be understood. The crystal phase region and glass region correspond to different cooling paths. For example, the cooling path No. 1 going through glass region can be expected to lead to the formation of a glassy microstructure, which is nearly identical to what is formed from an amorphous slag after water quenching. The cooling path No. 2, which passes through the isothermal transformation curve, can be expected to precipitate the crystalline phase. The kind of crystal and the morphology depend on the type of slag samples in relationship with the time and temperature.
The microstructure obtained can be controlled through an appropriate cooling path according to the purpose for which the slag will be used. Through the TTT diagram for copper slag for magnetite precipitation, the promotion of slag recycling, and the recovery of precipitated magnetite crystals will be enhanced by controlling the cooling conditions of the slag.
In the present study, using an infrared furnace, the crystallization behavior of copper smelter slag with regard to obtaining a TTT diagram was assessed by XRD (using an internal standard), SEM and EDS. Moreover, the distribution behaviors of the heavy metals such as Cu, Zn, As, and Cr were also studied.
Experimental
Previous research studies exist on drawing TTT diagrams by hot thermocouple technique (HTT) 1013) and double hot thermocouple Technique (DHTT). 14) However, HTT or DHTT enables the observation of the crystallization behavior of transparent or translucent samples. It is very difficult to observe the crystallization behavior of copper slag directly, because of its black color.
In this study, an infrared furnace (RHLP410 C, ULVAC-RIKO Inc., Yokohama, Japan), which can heat samples rapidly, was used to draw the TTT diagram of the copper slag. The heating, cooling, and the gas system were set up to accurately control the crystallization behaviors of the samples. Figure 2 illustrates the apparatus used in this study, which consisted of an infrared furnace, a vacuum pump, a heating control system, and a cooling system. Preliminary experiments indicated the necessity to quench the sample by at least 100°C/s to avoid the appearance of new phases and increase of existing phases. The vacuum cooling rate was set to 200°C/s, which was sufficiently high for keeping the original state of the copper slag.
Since the copper slag could melt and destroy the hot thermocouple, the temperature of the bottom of the Al 2 O 3 boat was measured and controlled (by a feedback connection with the heat control system). The sample temperature was recalculated using measurements from another hot thermocouple directly touching quartz powder, which will not melt under the designed heat treatment routine. In general, a temperature gap of 20°C between Al 2 O 3 boat bottom and sample existed during the first few minutes. Hence, in the present study, the temperature was recalculated considering the actual temperature of the sample.
The TTT diagram of the beginning of the crystallization was obtained using the following protocol. First, the copper slag sample was melted quickly at 1300°C (this was the predesignated temperature, the temperature of the sample was 20°C higher) under vacuum. During this step, it is preferable to increase the temperature as rapidly as possible, because there is some possibility to precipitate or form a phase with a high melting point. Then the temperature of the melted sample was stabilized at 1320°C to ensure uniform melting. Subsequently, the sample was quickly quenched to a given temperature under vacuum at the cooling rate of 200°C/s. Then, air flow was initiated into the tube at 1 L/min to begin the crystallization. Then, the infrared furnace was shut down and the sample was cooled under vacuum to room temperature.
The magnetite content was measured by X-ray diffraction (XRD; D2 PHASER, 30 kV, 300 mA, Cu-K¡, Bruker, Germany) using the internal standard method proposed by Alexander et al. 15) for quantitative analysis using 10 mass% of Sylvite (KCl) as the internal standard whose biggest XRD peak is around 2ª = 28.5°.
Typical samples obtained by the different treatment procedures were characterized using scanning electron microscopy (SEM; SU-6600, HITACHI, Japan) with energy-dispersive X-ray spectroscopy (EDS; Inca Energy, Oxford, UK) and electron-probe microanalysis (EPMA; JXA-8200, JEOL, Tokyo, Japan).
The chemical composition of the copper slag was carried out by melting the slag sample with sodium carbonate (NaCO 3 ) and sodium peroxide (Na 2 O 2 ) in Ar atmosphere. The mixture was then dissolved by HCl and used as samples for inductively coupled plasma atomic emission spectroscopy (ICP-AES, Optima 3300XL, Perkin-Elmer, Waltham, MA, USA). Chemical analysis was used for the determination of the amounts of Fe(II) and Fe(III) in the original copper slag. The slag sample was left undisturbed for a night after adding a solution of bromine in methanol. Then, the residue was decomposed in a reduction flask by HCl and HF. Thereafter, after the solution was mixed with boric acid solution and was titrated with a potassium chromate (K 2 Cr 2 O 7 ) standard solution to determine Fe(II). The total amount of iron was determined by ICP-AES, from which the amount of Fe(III) was calculated as the difference between the total amount of iron and the divalent iron.
Results and Discussion

Copper slag
Water quenched copper slag obtained from the flash furnace of a copper smelter was used in the experiments. The chemical composition of the slag is shown in Table 1 . The result is an average value came from multiple sampling, mixing and uniforming. Figure 3 shows the SEM image and EDS elemental map of the copper slag. The results of the elemental analysis for each phase (represented by points 14) in the SEM image are shown in Table 2 . The round bright matte particles and the large needle-like precipitated fayalite were randomly dispersed in the glassy matrix, which is the background mainly consisting of the silicate [(Fe, Ca, Al, Mg) x SiO y ].
The XRD analysis of the original copper slag (Fig. 4 , 0 s) revealed fayalite as the major crystal constituent in the sample, which may be precipitated during water quenching. In addition, a small magnetite peak can also be seen because of the presence of 7.5 mass% of magnetite in the original slag. The absence of the hematite peak in the diagram suggested the absence of hematite in the original copper slag.
As shown in Table 1 , 7.5 mass% of magnetite was present in the original copper slag, which showed no definite shape and was usually attached to the matte particles, showing a darker contrast in the SEM image.
TTT diagram
The melting temperature of the copper slag used in the present study was about 1320°C. The isothermal transformation procedures were carried out at different holding temperatures to check the crystallization behaviors. Figures 4 and 5 show the results of the XRD analysis of some typical samples after quenching from 1220 and 920°C for different time durations. The typical example XRD patterns of the slag after heat treatment were smooth and clear, indicating complete crystallization. From the figures, it can be concluded that although fayalite and magnetite already existed in the original copper slag, their amounts changed with the holding time. In addition, after a certain holding time, hematite was precipitated, leading to a small peak around 2ª = 33°. This study will mainly focus on the initial crystallization time required for magnetite and hematite under isothermal transformation. The results obtained for different temperatures of isothermal transformation are shown in Fig. 6 , which indicate the magnetite content variation in the copper slag. The horizontal axis is the time in natural logarithm and the vertical axis is the magnetite content obtained from the XRD patterns.
A linear fit was carried out using the ordinary least square (OLS) method, and the slope increased with increase in temperature. The beginning of the crystallization is set by the intersection point.
Moreover, during the first few minutes, mainly magnetite was incubated and precipitated from the oxidation of fayalite. Hematite was not appearing because of the reaction "driving force" was not so intensive. So it is valuable to study the system kinetics during this period when the reaction was simpleness which can be represented below. , where µ is the density of Fe 3 O 4 which is equal to 5.17 g/cm 3 and M is molar mass (g/mol). c 0 presents the initial magnetite concentration in the copper slag.
The k signifies the apparent reaction rate constant (cm 3 / (mol·s)). Then, the growth rate of Fe 3 O 4 can be represented as follows.
On integrating, the following equation is obtained.
The variation of the apparent reaction rate constant k (slope in Fig. 7 ) with absolute temperature T deviates from the Arrhenius empirical equation represented below.
Integrating eq. (4) leads to the following equation.
In the above equation, E is the apparent activation energy (J/mol) which does not change with temperature and R is universal gas constant (J/(mol·K)). Figure 7 indicates a linear relationship between ln k and time. Using the OLS method we can conclude
The apparent activation energy under the present experimental conditions is 15.6 kJ/mol. It is difficult to determine the exact amount of hematite by the same method; however, the original copper smelter slag did not contain hematite. Hence, beginning of hematite precipitation was decided by the appearance of the hematite peak in the XRD diagram.
Finally, The TTT diagram of the copper slag was determined, as shown in Fig. 8 .
From this diagram, it can be clearly understood that magnetite was precipitated before hematite under isothermal transformation. The initiation time of crystallization increased with decrease in holding temperature.
Microanalysis
The SEM images of the copper slag after isothermal transformation are shown in Fig. 9 .
After isothermal transformation at 1120°C, a short time of exposure to air did not lead to a major change in the microstructure of the sample (1120°C, 10 s, Fig. 9(a) ) compared with more short time heat treatment. With increase in the holding time, the nucleation of magnetite began and the quantity of magnetite increased with time (1120°C, 20 s, Fig. 9(b) ). With the continuation of the heating, the magnetite nuclei increased in size and occupied the entire background (1120°C, 30 s, Fig. 9(c) ). After an elongated time of heating, the nuclei continued to germinate and bonded together to yield large magnetite particles. Simultaneously, SiO 2 separated out of fayalite, which is seen as black dots (1120°C, 40 s, Fig. 9(d) ). This phenomenon suggests that the fayalite in glass or crystal phase changed to magnetite by the reaction with O 2 . Moreover, hematite precipitated from magnetite is seen as small crosses (1120°C, 40 s, Fig. 9(e) ).
The SEM images of the slag samples after isothermal transformation at 920°C also showed the same phenomenon (920°C, Figs. 9(f )9(i)). However, the amount of time gave rise to differences in the microstructure.
From the above analysis, it can be concluded that when the slag was in contact with air, O 2 can be expected to break the strongly bonded silicate anions. Hence, magnetite was precipitated first and SiO 2 separated out of fayalite. With the continuing oxidation, hematite was precipitated from magnetite. Table 3 shows the average values of the results obtained from the EDS point chemical analysis of the copper slag after isothermal transformation under 920°C for 80 s. Each value was obtained by averaging the results obtained from six points. EDS line scan was also carried out to illustrate the change in the relative amount of heavy metals in different phases in Fig. 10 . Combining the results obtained from the point analysis and line scan, heavy metals such as Cr, Zn, and As were found to show a higher likelihood to exist in magnetite, while Cu showed the reverse behavior. Silica, which was seen as small black dots, were usually attached to magnetite and showed a distinctive peak in counts per second (cps) of Fe and Si.
Conclusions
In the present study, using an infrared furnace, the crystallization behavior of copper smelter slag was studied by TTT diagrams, XRD analysis, and SEM-EDS. Moreover, the distribution behavior of other heavy metals was also studied.
(1) In the original copper slag, silicate [(Ca, Al, Mg, Fe) x SiO y ] was the main component and fayalite was the major crystal constituent. Magnetite and matte were also present, while hematite was absent.
(2) From the TTT diagram, it was found that magnetite was precipitated earlier than hematite under isothermal transformation. The initiation of crystallization increased with decrease in the holding temperature. (3) During the isothermal transformation, when the slag was in contact with air, O 2 led to the breaking of the strongly bonded silicate anions, leading to the precipitation of magnetite and the separation of SiO 2 from fayalite. With continuing oxidation process, hematite was precipitated from magnetite. (4) EDS point analysis and line scan indicated that heavy metals like Cr, Zn, and As showed a higher likelihood to exist in magnetite, while Cu showed the reverse behavior. 
